The reversion of polarity within bipolar resistive switching operation occurs in Pt/HfO2/TiN and Pt/Hf/HfO2/TiN resistive random access memory devices. This reversion of voltage polarity is the result of interface generation which induces a conduction mechanism transformation from Poole-Frenkel emission to space charge limited current mechanism. To prove the reversion of polarity, this study uses curve fitting of I-V relations to verify the conduction mechanism theoretically and physical analysis to verify the oxygen ion distribution practically. The proposed Pt/Hf/HfO2/TiN devices exhibit good resistive switching characteristics, such as good uniformity, low voltage operation, robust endurance (10 3 dc sweep), and long retention (3×10 4 s at 85 o C).
applications.
The localized filamentary conducting paths in the thin films are diverse in each switching, leading to the nonuniform distributions of switching voltages and resistance states, which result in irresolvable errors in the RRAM operations. Thus, how to effectively improve the stability of switching behavior is an essential issue for practical application of the RRAM. Researchers have used many methods to improve resistive switching characteristics and change thin-film properties, such as embedding nanocrystals [5] , doping effects [6, 7] , and embedding metal layer [8] [9] [10] [11] . The embedding metal layer method typically serves as an interfacial oxygen storage layer, leading to oxygen ion concentration variation and diffusion. This in turn confines the conductive filament formation and rupturing within insulators and improves the uniformity of resistive switching characteristics. The interfacial layer also play a key role in polarity effect and resistive switching, and is dominant in the conversion of polarity from unipolar resistive switching to bipolar resistive switching, as shown by Yoo et al. [12] The reversion of polarity within bipolar resistive switching operation in Pt/HfO2/TiN and Pt/Hf/HfO2/TiN devices was observed in this work. The polarity reversion may be significantly affected by interfacial layer generation, inducing the change of conduction mechanisms in two device structures. The I-V relation and physical analysis in this study both provide proofs of the reversion of polarity. Pt/Hf/HfO2/TiN RRAM devices also exhibit good resistive switching characteristics by inserting Hf metal layer resulted in the production of HfOx layer as an oxygen storage layer.
Experimental Details
In this study, RRAM devices consist of Pt/HfO2/TiN and Pt/Hf/HfO2/TiN structures. HfO2 thin films were deposited on TiN (50 nm in thin films were analyzed using the X-ray photoelectron emission spectrum (XPS). The electrical properties of the devices were measured using a Keithley 4200 semiconductor parameter analyzer.
During the voltage-sweeping mode measurement, the bias was defined as positive when the current flowed from the top electrode to the bottom electrode, and was defined as negative when the current flowed in the opposite direction.
Results and Discussion
Figures 1a and 1b show the reverse polarity operation within bipolar resistive switching. Figure   1a shows that the set operation by a negative bias and the reset operation by a positive bias appear in the electrical characteristics of Pt/HfO2/TiN RRAM devices. The same polarity was observed in similar devices described in previous researches [13, 14] . After the Hf metal layer deposition and PMA processes, Pt/Hf/HfO2/TiN RRAM devices show reverse polarity operation (i.e., the set operation by a positive bias, and the reset operation by a negative bias) in a stable resistive switching situation, as shown in Fig. 1b . The experimental results and literatures review in this study will confirm that the reverse polarity is correlated with interface-producing and conduction mechanism, transforming between two structures. In Pt/HfO2/TiN RRAM devices, the conduction mechanism in pure HfO2 thin films is usually attributed to the Poole-Frenkel emission [15, 16] . The Poole-Frenkel emission equation can be expressed as J = ( ) exp 〔− Φt + √ /π 0 〕, in which q is the electronic charge, is the density of states in the conduction band, μ is the electronic drift mobility, qΦt is the trap level below the conduction band, εγ is the dynamic dielectric constant, εo is the permittivity of free space, k is Boltzmann's constant, T is the temperature, and r is a coefficient ranging between 1 and 2 [17, 18] . If r = 2, the conduction mechanism is so-called the normal Poole-Frenkel emission. However, when the insulator contains another influential trap, r is equal to 1 and the conduction is called the modified Poole-Frenkel emission. In the reset process, the ㏑(J/E) − √E relationship of the HRS in the high electric field exhibits linear dependence, as shown in Fig.   2a . Accordingly, a refractive index of n = 2.05 can be obtained from the slope of the Poole-Frenkel plot at r = 1. This value is close to that of HfO2 thin films reported in previous studies [19, 20] . The consistency between these results and fitting data implies that Poole-Frenkel emission is the primary conduction mechanism in Pt/HfO2/TiN RRAM devices.
Voltage polarity during resistive switching operation in the Pt/HfO2/TiN RRAM device can be reversed by Hf metal deposition and the PMA process. This study applies theoretical deduction and physical analysis to investigate the reason for this polarity reversion. Initially, curve fitting was executed for the negative bias region of I-V characteristics in the Pt/Hf/HfO2/TiN RRAM device. Figure 4 shows the possible switching mechanism with different directions of applied bias. In virgin Pt/Hf/HfO2/TiN devices after PMA (Fig. 4a) , the oxygen storage layer getters oxygen ions and leaves charged oxygen vacancies in the oxide thin film, which makes the oxide thin film oxygen-deficient and conductive. Because the HfO2 thin film becomes more conductive, a smaller-forming voltage (~1 V) can be applied to connect filaments formed by oxygen vacancies. When applying a positive bias to the top electrode (Fig. 4b) , the external voltage enforces charged oxygen vacancies to form a conductive filament. This subsequently switches the device to the LRS. After applying a negative bias to the top electrode (Fig. 4c) , the oxygen ions drift to the HfO2 thin film from the interfacial 
Conclusions
In conclusion, this study shows that inserting a Hf metal layer into a Pt/HfO2/TiN device and subjecting it to a PMA process creates a Pt/Hf/HfO2/TiN device that exhibits polarity reversion in the resistive switching property. Inserting a Hf metal layer and performing the PMA process activated the Hf metal layer as an oxygen storage layer, which makes redox fixed near the interface between the Hf metal and the HfO2 thin film. Consequently, the interface generation (HfOx) that makes the conduction mechanism switch to SCLC mechanism from Poole-Frenkel emission, leading to a polarity reversion. The proposed Pt/Hf/HfO2/TiN devices also exhibited good resistive switching characteristics and switching uniformity, with a low-voltage operation, 10 3 dc sweep endurance, and 
